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ABSTRACT
We perform numerical experiments to investigate the influence of inelastic neutrino
reactions with light nuclei on the standing accretion shock instability (SASI). The time
evolution of shock waves is calculated with a simple light-bulb approximation for the
neutrino transport and a multi-nuclei equation of state. The neutrino absorptions and
inelastic interactions with deuterons, tritons, helions and alpha particles are taken into
account in the hydrodynamical simulations in addition to the ordinary charged-current
interactions with nucleons. Axial symmetry is assumed but no equatorial symmetry is
imposed. We show that the heating rates of deuterons reach as high as ∼ 10% of those
of nucleons around the bottom of the gain region. On the other hand, alpha particles are
heated near the shock wave, which is important when the shock wave expands and the
density and temperature of matter become low. It is also found that the models with
heating by light nuclei have different evolutions from those without it in the non-linear
phase of SASI. This results is because matter in the gain region has a varying density
and temperature and there appear sub-regions that are locally rich in deuterons and
alpha particles. Although the light nuclei are never dominant heating sources and they
work favorably for shock revival in some cases and unfavorably in other cases, they are
non-negligible and warrant further investigation.
1. Introduction
The mechanism of core-collapse supernovae is not clearly understood at present because of
its intricacy (see e.g. Kotake et al. (2006); Janka (2012); Burrows (2012)). Many numerical
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simulations performed by different groups have consistently demonstrated that the shock waves
formed by the bounce of collapsing cores are decelerated and stalled by the energy losses due to
the dissociations of nuclei and emissions of neutrinos. For the moment, the neutrino-heating is
considered to be the most promising mechanism of shock revival, in which the neutrinos emit-
ted from the proto-neutron star reinvigorate the stalled shock to propagate outward again, al-
though some other mechanisms, e.g. magneto-rotational explosion, may be needed for very massive
stars. It is also believed that the so-called standing accretion shock instability (SASI) and convec-
tion are essential to increase the efficiency of neutrino heating (Herant et al. 1992; Burrows et al.
1995; Fryer et al. 2002; Blondin et al. 2003; Fryer 2004; Scheck et al. 2004, 2006; Ohnishi et al.
2006; Foglizzo et al. 2006, 2007, 2012; Iwakami et al. 2008, 2009; Ferna´ndez & Thompson 2009a,b;
Ferna´ndez 2010; Hanke et al. 2012, 2013; Mu¨ller et al. 2012; Bruenn et al. 2013; Ott et al. 2013;
Murphy et al. 2013). Indeed, it is recently found that multi-D numerical simulations have success-
fully relaunched the stalled shock wave, which may eventually produce supernova explosions as
we see them (Buras et al. 2006a,b; Marek et al. 2009; Suwa et al. 2010, 2011; Mu¨ller et al. 2012;
Kuroda et al. 2012; Takiwaki et al. 2012; Bruenn et al. 2013; Ott et al. 2013; Murphy et al. 2013).
All these simulations are not long enough so far, however, and it is remaining to see if they can
really reproduce the canonical explosion energy and 56Ni mass (Yamamoto et al. 2013). In addition
to these hydrodynamical effects, there are some nuclear-physical ingredients that are also supposed
to be important for reproducing the core-collapse supernovae. Nuclear burning in the accreting
matter and ejecta was investigated by Nakamura et al. (2012) and Yamamoto et al. (2013). The
inelastic neutrino interactions as well as the baryonic equation of state (EOS) are also important
as described below.
The inelastic interactions between neutrinos and nuclei have been neglected in most hydrody-
namical simulations of the neutrino heating. Haxton (1988) was the first to point out the impor-
tance of these reactions. O’Connor et al. (2007), Arcones et al. (2008), Langanke et al. (2008) and
Barnea et al. (2008) investigated their influences on the dynamics, neutrino spectrum as well as nu-
cleosynthesis. There is, however, no investigation of the impact of the inelastic reactions on multi-D
hydrodynamics but Ohnishi et al. (2007). They showed that the inelastic neutrino interactions with
alpha particles are helpful to revive the shock in 2D simulations if the neutrino luminosity is close
to the critical value, which is the threshold for a shock revival. They took into account only alpha
particles as additional heating sources, since the mass fractions of other nuclei were not available
in the EOS they used (Shen et al. 1998a,b). However, the shocked matter is certainly composed
not only of nucleons and alpha particles but also of deuterons, tritons and helions (Sumiyoshi et al.
2008; Arcones et al. 2008; Hempel et al. 2012). The energy-transfer coefficients, that is, the average
values of the product of the cross section and energy transfer of deuterons are comparable to those
of nucleons and ten times greater than those of alpha particles (Nakamura et al. 2009). Tritons
and helions have also larger energy-transfer coefficients than alpha particles (O’Connor et al. 2007;
Arcones et al. 2008; Nakamura et al. 2009).
The EOS is another important physical input in supernova simulations and its influences
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on the dynamics of core-collapse supernovae has been investigated by many researchers, e.g.
Sumiyoshi et al. (2005), Marek et al. (2009), Hempel et al. (2012), Suwa et al. (2013) and Couch
(2013) to mention a few. There are currently two EOS’s that are widely used for the simulations:
Lattimer-Swesty’s EOS (Lattimer et al. 1991) and Shen’s EOS (Shen et al. 1998a,b, 2011). In both
EOS’s, the ensemble of heavy and light nuclei is approximated by a single representative heavy
nucleus and alpha particle. In this decade, however, some EOS’s that incorporate a large num-
ber of nuclei have been constructed (Botvian et al. 2004; Botvina et al. 2010; Hempel et al. 2010;
Blinnikov et al. 2011; G. Shen et al. 2011). We have also developed such an EOS (Furusawa et al.
2011, 2013). We employ the liquid drop model for heavy nuclei and take into account shell ef-
fects and nuclear pasta phases. Unbound nucleons are treated by the relativistic mean field theory
(Furusawa et al. 2011). Moreover, we implement some important improvements such as the inclu-
sion of the Pauli and self-energy shifts in the mass evaluation of light nuclei (Furusawa et al. 2013).
As a result, the mass fractions of various light nuclei have become much more reliable.
The aim of this paper is to investigate the impacts of the inelastic neutrino reactions with
light nuclei on the SASI based on our new EOS. We perform experimental simulations of the post-
bounce phase in 2D, employing the light bulb approximation for neutrino transfer. In addition to
the ordinary cooling and heating by nucleons, we incorporate the heating by deuterons, tritons,
helions and alpha particles. This article is organized as follows. In section 2, we describe some
important ingredients in numerical simulations such as the hydrodynamics code and the rates of
inelastic reactions with light nuclei that we employ in this study. Then the results are shown in
section 3, with an emphasis being put on the role of light nuclei in the shock heating. The paper
is wrapped up with a summary and some discussions in section 4.
2. Models
The basic set-up of our dynamical simulations is the same as that given in Ohnishi et al. (2006,
2007) and Nagakura et al. (2013) except for the inelastic reactions with light nuclei. We perform 2D
simulations assuming axial symmetry. Spherical coordinates are used and no equatorial symmetry
is assumed. We utilize 300 radial mesh points to cover rin ≤ r ≤ rout (= 500 km), where rin, the
inner boundary of the computation domain, is set to be the radius of the neutrino sphere of νe in
the initial state. We deploy 60 angular mesh points to cover the whole meridian section. We solve
the following equations
dρ
dt
+ ρ∇ · v = 0, (1)
ρ
dv
dt
= −∇p+ ρ∇
(GMin
r
)
, (2)
ρ
d
dt
( e
ρ
)
= −p∇ · v +QE +Qd +Qt +Qh +Qα, (3)
dYe
dt
= QN , (4)
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where ρ, p, T , e and Ye denote the mass density, pressure, temperature, energy density and elec-
tron fraction, respectively. Other symbols, r, v, and G, stand for the radius, fluid velocity and
gravitational constant, respectively. The mass of a central object, Min, is assumed to be constant
and set to be Min = 1.4M⊙. Interactions between neutrinos and nucleons are encapsulated in QE
and QN , the expressions of which are adopted from Eqs. (16) and (17) in Ohnishi et al. (2006).
Qd,t,h,α are the heating rates for the light nuclei indicated by the subscripts. The heating for alpha
particles, Qα, corresponds to Qinel in Eqs.(3) and (6) in Ohnishi et al. (2007), where only alpha
particles were taken into account as the additional heating source. The heating rates for deuterons,
tritons and helions, Qd,t,h, are the new elements in this work.
The neutrino transport is handled by the simple light bulb approximation, in which neutrinos
with Fermi-Dirac distributions are assumed to be emitted from the proto-neutron star and travel
radially. We also assume that the temperatures of νe, ν¯e and νµ are constant and set to be
(Tνe , Tν¯e , Tνµ) = (4, 5, 10) in MeV. The luminosities of νe and ν¯e are assumed to have the same
value: Lνe = Lν¯e = L. The luminosity of νµ is set to be half that value, Lνµ = 0.5 × L, as
in Ohnishi et al. (2007). The numerical code for hydrodynamics is based on the central scheme,
which is a popular choice at present (see, e.g., Nagakura et al. (2008, 2011)) and the implementation
of the light bulb approximation is explained in detail in Nagakura et al. (2013). We employ the
multi-nuclei EOS, which gives not only thermodynamical quantities but also the abundance of
various light and heavy nuclei up to the mass number A ∼ 1000 (Furusawa et al. 2011, 2013).
The heating rates for light nuclei are calculated from the analytic formula given in Haxton
(1988).
Qi =
ρXi
mu
31.6 MeV s−1
(r/107cm)2
[
Lνe
1052ergs s−1
(
5MeV
Tνe
)
A−1i 〈σ
+
νeEνe + σ
0
νeE
i
NC〉Tνe
10−40cm2MeV
+
Lν¯e
1052ergs s−1
(
5MeV
Tν¯e
)
A−1i 〈σ
−
ν¯eEνe + σ
0
ν¯eE
i
NC〉Tν¯e
10−40cm2MeV
+
Lνµ
1052ergs s−1
(
10MeV
Tνµ
)
A−1i 〈σ
0
νµE
i
NC + σ
0
ν¯µE
i
NC〉Tνµ
10−40cm2MeV
]
, (5)
where i specifies a light nucleus, d, t, h or α; Ai and Xi are the mass number and mass fraction
of nucleus i, respectively; mu is the atomic mass unit; the average over the neutrino spectrum
is denoted as 〈 〉T . The energy-transfer coefficients for deuterons are calculated from Table I in
Nakamura et al. (2009) for both the neutral-current (NC), 〈σ0νE
i
NC〉T , and the charged-current
(CC),〈σ±ν Eν〉T . The energy-transfer coefficients for the nuclei with Ai = 3 (tritons and helions)
are obtained from Table II in O’Connor et al. (2007) for NC. As for the CC interactions between
tritons and ν¯e, we utilize Table I in Arcones et al. (2008). The other CC reactions involving tritons
or helions are not included in our simulations, since neither the energy-transfer coefficients nor the
cross sections are available. The effects of helions are negligible, however, since the abundance of
helions is much smaller than nucleons and dominant light nuclei (d and α). The energy-transfer
coefficients for alpha particles are derived from Table II in Haxton (1988) for CC whereas we utilize
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for NC the fitting formula provided by Haxton (1988),
A−1i 〈σ
0
νE
i
NC + σ
0
ν¯E
i
NC〉Tν = α
[
Tν − T0
10MeV
]β
, (6)
where the parameters are chosen to be α = 1.28 × 10−40 MeV cm2, β = 4.46 and T0 = 2.05 MeV
following Gazit et al. (2004). The cooling reactions involving light nuclei are ignored, since the
reaction rates are not available at the moment. In this sense, the influences of light nuclei that we
find in this paper should be regarded as the maximum. We also ignore the contributions of charged-
current interactions of light nuclei to the evolution of electron fraction Eq. (4) as in Ohnishi et al.
(2007), since they are quite minor compared to the contributions of nucleons in most regions as
demonstrated at the end of the next section.
As the first step of the simulations, we prepare the initial conditions, which are spherically
symmetric, steady accretion flows that are stable to radial perturbations (Yamasaki et al. 2005;
Ohnishi et al. 2006; Nagakura et al. 2013). The inelastic interactions of neutrinos with light nuclei,
Qd,t,h,α, are also included in these computations. We start dynamical simulations, adding radial-
velocity perturbations of 1 %, which are proportional to cosθ. We vary the luminosity L and
mass accretion rate M˙ and investigate the influences of light nuclei on dynamics under different
physical conditions. We refer to the normalized neutrino luminosity L52 ≡ L/(10
52erg/sec) and
mass accretion rate M˙sun ≡ −M˙/(M⊙s
−1) in specifying models.
3. Result
In the following subsections we first discuss the influences of light nuclei on the initial states,
that is, the spherically symmetric, steady accretion flows through the standing shock wave onto
the proto-neutron star. Then, a 1D simulation is presented to give an insight into the roles of light
nuclei. Finally, we describe the results of 2D dynamical simulations in detail.
In Table 1, we compare the heating rates per baryon for light nuclei, which can be evaluated
without referring to matter profiles. We set r = 100 km, L52 = 5.0 and Xi = 1.0. Note that the
cooling rates are not subtracted here for comparison. We set Xp = Xn = 0.5 in the evaluations of
the heating rates for nucleons. It is found that deuterons have the heating rates per baryon that
are comparable to those of nucleons. Tritons, helions and alpha particles have rather small heating
rates per baryon. Muon neutrinos do not heat nucleons but light nuclei thorough NC, since the
former has no internal degree of freedom that can be excited.
3.1. Steady state
The left panel of Fig. 1 displays the shock radii rs in the spherically symmetric, steady accretion
flows with and without the heating of light nuclei for L52 = 5.2 and 6.2. We can see the shock radii
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are not significantly affected by this change. Higher luminosities and lower mass accretion rates
make the light nuclei a little bit more influential on the structures of the steady states. Note also
that higher luminosities and lower mass accretion rates result in the steady states that are closer
to the critical ones and small variations may have a greater effect. The center and right panels of
Fig. 1 show the variations of shock radii, which are defined as (rs−rs0)/rs0×100 [%] with the shock
radius rs0 for no light-nuclei heating, for the three cases, in which we include either the heating of
all light nuclei or that of only deuterons or alpha particles, respectively. The results indicate that
deuterons are always one of the main contributors to the heating though the resultant variations
are not so large. On the other hand, alpha particles can push the shock wave only when the mass
accretion rate is small. The nuclei with Ai = 3 have little influence in any condition, since tritons
and helions are much less abundant than the other two light nuclei.
Figure 2 displays the profiles of the mass fraction and heating rate of each nuclear species for
two models, which include heating by all light nuclei. For the model with L52 = 5.2 and M˙sun= 1.5,
the shock radius is ∼ 140 km and the deuteron-heating is second dominant after that of nucleons in
the gain region, that is, the region between the gain radius rg and shock radius rs. The gain radius
rg is defined as the radius, at which the neutrino heating is equal to the neutrino cooling and there is
no net energy gain. For the model with L52 = 6.2 and M˙sun= 0.5, alpha particles contribute to the
heating as well as nucleons in the outer part of the gain region. This difference between deuterons
and alpha particles can be also seen in Fig. 3, which indicates in the ρ-T plane under the condition
of Ye = 0.5 the regions, where deuterons and alpha particles are abundant. Superimposed are the
actual (ρ, T ) values obtained in the gain region. Note that the electron fractions obtained in the
simulations take various values between 0.3 and 0.5 in the gain region. However, the deuteron-rich
and alpha-rich regions for Ye = 0.3 are not much different from those for Ye = 0.5.
For the model with L52 = 6.2 and M˙sun = 0.5 (brown), the shock radius is rather large and
the plots of (ρ, T ) pairs obtained in this model extend to lower densities and temperatures, which
favor the existence of alpha particles. For the model with L52 = 5.2 and M˙sun = 1.5 (magenta), on
the other hand, all the (ρ, T ) pairs are outside the region, in which the fraction of alpha particles is
larger than 10 %, and are located close to the region, in which more than 1 % of deuteron fractions
is realized. Note that deuterons have the energy-transfer coefficients more than 10 times larger than
those of alpha particles as shown in Tab. 1. Deuterons can hence make some small contributions
to the total heating rates even if the fraction is as small as ∼ 1 %. Deuterons and alpha particles
can contribute to the neutrino heating at the inner and outer parts of the gain region, respectively.
As a result, the larger shock radius leads to the more efficient heating by alpha particles than by
deuterons.
So far we have investigated the differences that the heating via light nuclei may make by
arbitrarily switching them on and off for the same background models. It may be interesting,
however, to make comparisons against the models, in which not only the heating but also the
existence of the light nuclei other than alpha particles is entirely neglected. There are two reasons
for this: first, the EOS’s that have been commonly employed in supernova simulations thus far
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consider only alpha particles as light nuclei; second, if light nuclei did not exist in the first place,
nucleons would be more populous, taking their places, and could be efficiently heated, thus reducing
or even nullifying the differences we have observed above.
In order to see this, we employ the Shen’s EOS (Shen et al. (2011)), one of the standard EOS’s
for supernova simulations, in which only alpha particles are included as light nuclei, and construct
spherically symmetric, steady accretion flows and investigate the differences that d, t and h make.
Strictly speaking, there are some differences between our and Shen’s EOS other than the treatment
of light nuclei. For example, the Shen’s EOS takes into account a single representative heavy nuclei
whereas our EOS handles the ensemble of them. This is not so important in the post-shock region
of our concern, however, since the nucleons and light nuclei are dominant there. Even the treatment
of alpha particles is different between the two EOS’s, since we take into account the ambient matter
effects in evaluating the mass of alpha particles (Furusawa et al. 2013). This difference, however,
manifests itself only at high densities ρ ≫ 1011g/cm3, the density at the inner boundary in our
models.
Figure 2 shows that the abundances of nucleons and alpha particles are almost identical between
the corresponding models. As a result, the heating via nucleons does not differ significantly although
both the mass fractions and heating rates of nucleons and alpha particles are slightly larger in the
model with the Shen’s EOS. For instance, the mass fractions of nucleons and alpha particles in the
model with our EOS are smaller by 0.9 % and 0.3 %, respectively, than those in the model with the
Shen’s EOS at r = 130 km for L52 = 5.2 and M˙sun= 1.5 due to the existence of light nuclei other
than alpha particles. And the heating rates per baryon (QE , Qα) are (237.0, 0.3643) in MeV/sec
with our EOS, which should be compared with the values (238.6, 0.3653) that are obtained with the
Shen’s EOS. The total heating rate, QE+Qd+Qt+Qh+Qα, in the model with our EOS, however,
is larger than the sum of QE and Qα in the model with the Shen’s EOS because of the contribution
from deuterons, Qd =3.264. As a result, the shock radius in the former model is slightly larger
than that in the latter model. The difference is clearer in the case of L52 = 6.2 and M˙sun = 0.5.
To be fair, we point out that the QE includes cooling but others do not completely (see section 2).
If we compare the absorptions of neutrinos alone, the total rates are larger in the models with the
Shen’s EOS, since the contribution from nucleons overwhelms that from deuterons. Comparisons
in dynamical contexts will be given later.
3.2. 1D simulation
To obtain the basic features of the heating by light nuclei in the dynamical settings, we perform
a spherically symmetric 1D simulation. We employ 300 radial mesh points as explained in section
2. Figure 4 shows the entropy evolution for the model with L52 = 5.4 and M˙sun= 1.0. Although
we do not add any perturbation initially, numerical noises induce small radial oscillations that
grow gradually. It can be seen that matter just below the shock wave has low entropy when the
shock radius is large. It should be also noted that the entropy for the same shock radius is smaller
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when the shock is receding than it is proceeding. This asymmetric feature becomes clearer as the
shock radius gets larger. In Fig. 5, we compare the time evolutions of the integrated heating rate
of each nuclear species along with the shock and gain radii. The shock radius is defined as the
iso-entropic surface of s = 5.0 kB , where kB is the Boltzmann constant. The heating rates are
integrated over the gain region as
∫
gainQidr
3 and given in the unit of 1052 erg s−1. We can see
that the heating rate of alpha particles changes roughly in step with the shock radius, since the
larger shock radius leads to the greater fractions of alpha particles. The peak time in the heating
rate of alpha particles delays from the time of the local maximum in the shock radius because of
the asymmetric feature in the entropy mentioned above. It is also found that the heating of alpha
particles is more important than that of deuterons after the shock wave revives and goes outward
(t > 400 ms). On the other hand, the heating rates of deuterons reach a local maximum when the
gain and shock radii are small, since matter has high densities and favors deuterons. Furthermore,
since deuterons are located closer to the neutrino sphere, they attain the heating rates as high as
1−10 % of those of nucleons. These results indicate that alpha particles and deuterons heat matter
in different phases in the oscillation of the shock wave. Although tritons and helions are similar to
deuterons, they are quite minor.
3.3. 2D simulations
Figure 6 displays the time evolutions of average shock radii for four models, in which all light
nuclei, only deuterons, only alpha particles and no light nuclei are taken into account in the heating
sources, respectively. The results of the model, in which we employ the Shen’s EOS and take into
account the heating via alpha particles, are also shown and discussed later. The models without
deuteron-heating do not succeed in the shock revival for L52 = 5.1, whereas the other two models
do though it takes longer times. For L52 = 5.2, on the other hand, all models produce shock revival.
We can see that the heating by deuterons and alpha particles both reduce the time to shock revival.
The same trend is also seen in the models with L52 = 6.3 and M˙sun = 1.5. These results suggest
that the heating of light nuclei, especially deuterons, is helpful for shock revival. Note, however,
that this may be too naive, since the time to shock revival is known to be sensitive to various
ingredients such as the initial perturbations when the neutrino luminosity is close to the critical
value. In fact, the models with L52 = 6.0 and M˙sun = 1.5 show the opposite trend when we include
the deuteron-heating: the models without the deuteron-heating can gain larger energies through
the heating via nucleons alone than other models. This is because the deuteron-heating prevents
the shock wave from shrinking in the first place and reduces the heating via nucleons, since matter
tends to be farther away from the neutrino sphere. For instance, at the time t = 210 ms, when all
the models with L52 = 6.0 and M˙sun= 1.5 hit the local minimum in the average shock radius, the
values of the average shock radius and the angle-averaged heating rate per baryon for nucleons are
178 km and 223 MeV/sec, respectively, in the model without light-nuclei heating, whereas they are
183 km and 211 MeV/sec in the model with only deuteron-heating. Although we cannot find a clear
trend when it is helpful for shock revival, the deuteron-heating is non-negligible regardless. Alpha
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particles do not work that way, on the other hand. They heat matter when the shock wave has
large radii as discussed in section 3.2 and, as a result, do not affect the shock recession. The model
with the alpha-particle-heating alone has almost the same shock radius 177 km at t = 210 ms. The
heating via alpha particles is hence always favorable for shock revival whenever it is effective.
Comparisons between the models with our and Shen’s EOS’s are a bit more difficult due to
the inherent intricacies of shock revival mentioned above. We can recognize some trends in Fig. 6,
however. As noted in section 3.1, the heating via nucleons alone is larger in the models with the
Shen’s EOS whereas the total heating rates are greater for the models with our EOS thanks to the
contribution from deuterons. In accordance with this, shock revival occurs earlier in the models
that employ our EOS and incorporate the heating via deuterons than in the corresponding models
with the Shen’s EOS. The order is reversed in some cases if the heating of deuterons is switched off
in the models with our EOS. For example, the stalled shock is revived at t ∼ 800 ms for the Shen’s
EOS in the case of L52 =5.1; for our EOS, it happens at t ∼ 600 ms if the heating of deuterons is
included whereas the shock remains stalled even at t ∼ 1000 ms if it is turned off. In the same
way, the model with the Shen’s EOS for L52 = 6.0 shows the intermediate time-evolution between
the models that employ our EOS with and without the deuteron-heating. It should be reminded,
however, that other differences such as the preheating of nucleons ahead of the shock wave may
have some influences on the results.
We now focus on the model with L52 = 5.2 and M˙sun = 1.0 that includes the heating by all
light nuclei to explore in more detail the role of light nuclei in the evolution of the shock wave. The
shock oscillation grows linearly by t ∼150 ms in this model as seen in Fig. 6. The distributions of
nucleons and light nuclei are almost spherically symmetric at t = 100 ms as seen in the upper panels
of Fig. 7. The heating rates of light nuclei are large in the narrow region near the quasi-steady
shock wave at t = 100 ms. At t = 200 and 300 ms, however, we observe the deformed shock waves
that have reached the non-linear regime of SASI. In some regions, the light nuclei are abundant
indeed and their heating is efficient accordingly. Figure 8 plots the pairs of (ρ, T ) obtained along
5 different radial rays (see Fig. 3). Although they (the black symbols) are initially not located
in the regions that are rich in light nuclei, the turbulence in the non-linear SASI broadens the
distributions. Figure 9 shows the mass fractions and the heating rates of different nuclear species
along the radial ray with θ = 180◦ at t = 200 ms and another one with θ = 0◦ at t = 300 ms. The
heating rate of deuterons becomes as high as ∼ 10 % of that of nucleons at t = 200 ms around
the bottom of the gain region. It should be noted that the cooling is subtracted for nucleons in
QE, whereas it is not included in Qd,t,h,α because of the lack of the rates in the literature. There
are indeed large cancellations between heating and cooling at the bottom of the gain regions. For
instance, the heating and cooling rates per baryon for nucleons are 631 and −584 MeV/sec per
baryon at r = 110 km along the radial ray with θ = 180◦ at t = 200 ms. If we compare the pure
heating rates, deuterons have 4.73 MeV/sec per baryon, which is just 0.75 % of the pure heating
rate for nucleons in the same example. Around the same time the shock wave moves northwards
(θ = 0◦) and the matter in the southern part (θ = 180◦) goes down deep into the central region.
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The orange symbols in the top panel of Fig. 8 indicate that the matter in this southern part has
low entropies, resulting in more deuterons near the bottom of the gain region than the matter
in other parts. At t = 300 ms, the shock wave reaches at ∼ 400 km and the heating of alpha
particles is dominant for the same reasons we have explained in Fig. 2. We can see in the bottom
panel of Fig. 8 that the matter along the radial ray with θ = 0◦ has also lower entropies and as a
consequence deuterons and alpha particles are abundant in the regions of high and low densities,
respectively. Both at t = 200 and 300 ms, deuterons have the heating rates comparable to those of
nucleons near the bottom of the gain regions. The heating rates of alpha particles are ∼ 10 % of
those of nucleons around the shock wave.
Figure 10 displays the time evolutions of the integrated heating rate of each nuclear species
together with the shock and gain radii along the two radial rays with θ = 0◦ and 90◦. The integrated
heating rate for the specific direction is calculated as 4pi
∫ rs(θ)
rg(θ)
Qi(r, θ)r
2dr in the same way as for
the 1D model in Fig. 5. The heating rates of deuterons and alpha particles are about 1 % and
0.1 %, respectively, of those of nucleons in the linear phase of SASI. However, both of them are
much more efficient in the subsequent non-linear evolutions of SASI and shock revival. We can see
that deuterons and alpha particles have different temporal variations in the heating rates, which
is ascribed to the fact that they occupy different parts of the gain region as explained in section
3.2. Note that the heating of light nuclei occurs quite inhomogeneously and the local heating can
be more efficient than the average as shown in Fig. 9.
In the models explored so far, the temperature of νµ is assumed to be 10 MeV. However, this
value may be too high. In fact, recent simulations tend to predict the νµ temperatures much closer
to those of νe and ν¯e (e.g. Janka (2012)). We hence repeat some simulations with Tνµ = 5 MeV. As
shown in Tab. 1, the νµ-heating rate per baryon is reduced by a factor of 10. The decrease in the
net heating rates is particularly severe for tritons, helions and alpha particles, since NC interactions
with νµ are dominant for the heating of these species. On the other hand, the total heating rates
of deuterons are reduced by only 24 % because CC interactions with νe and ν¯e are more important.
Figure 11 shows the temporal evolutions of the average shock radii for the models with L52 = 5.2
and M˙sun = 1.0, the counter parts of those presented in Fig. 6. The results are qualitatively
different. In fact, shock revival occurs earlier without the heating of deuterons although the shock
radius is larger at t ∼ 200 ms with the deuteron-heating. This occurs because the heating of
nucleons is reduced in the presence of deuterons during the shock expansion at t ∼ 200 ms, which
is similar to what we observed in the models for Tνµ = 10 MeV with L52 = 6.0 presented in Fig. 6.
The difference between the models with and without alpha particles is smaller for Tνµ = 5 MeV
than for Tνµ = 10 MeV. Figure 12, the counter part of Fig. 9, displays the mass fractions and
heating rates of different light nuclei along the radial ray with θ = 180◦ at t = 200 ms. Although
the dynamics is stochastic owing to the turbulence induced by SASI and the shock positions are
different between the models with Tνµ = 5 MeV and 10 MeV, the heating by deuterons are not so
significantly decreased thanks to the CC contributions, whereas the heating rates of alpha particles
are diminished by a factor of 10. Provided the high energy-dependence of the νµ-heating, we think
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that our standard models with Tνµ = 10 MeV give the upper limit of the νµ-heating whereas the
models with Tνµ = 5 MeV will set the lower limit.
In our standard models, the CC interactions on light nuclei are ignored in the temporal evolu-
tion of electron fraction. One may be worried, however, that this could affect the dynamics, since
the CC interactions are dominant in the heating of deuterons. Note that the CC contributions are
much smaller for t, h and α. In order to address this issue, we have included the contributions of
deuterons and tritons in Eq. (4), the former of which is given by
QNd = Xd
31.6 s−1
(r/107cm)2
[
Lνe
1052ergs s−1
(
5MeV
Tνe
)
A−1d 〈σ
+
νe〉Tνe
10−40cm2
−
Lν¯e
1052ergs s−1
(
5MeV
Tν¯e
)
A−1d 〈σ
−
ν¯e〉Tν¯e
10−40cm2
]
. (7)
This expression is obtained by just replacing the energy-transfer coefficient 〈σ±ν Eν〉Tν , with the cross
section averaged over the neutrino spectrum 〈σ±ν 〉Tν , in Eq. (5). We ignore the other contributions.
For tritons, only the electron-type anti-neutrinos are included, since the cross section for νe is
currently unavailable. Note, however, that the contribution of tritons is negligible anyway as
shown shortly.
We initially construct the spherically symmetric, steady accretion flows and then perform 2D
simulations with QNd and QNt being incorporated. The neutrino luminosity and mass accretion
rate are fixed to L52 = 5.2 and M˙sun = 1.0 here. It turns out that the temporal evolution of the
shock wave is unchanged from that presented in Fig. 6, which justifies the neglect of these effects
in the standard models. In fact, Fig. 13 demonstrates by comparing QNd and QNt with QN , the
contribution of nucleons, at t = 0, 200 ms that QNd is about 0.1 % of QN in most regions and QNt
is always negligibly small. Although we can see in the initial condition a slight increase in Ye by
the inclusion of QNd and QNt, the difference disappears by t = 200 ms.
The reasons why deuterons are non-negligible heating sources, giving 1-10 % of the nucleon
contributions, but they do not contribute to the evolution of Ye are the following: (1) the net heating
rate of nucleons, QE , is an outcome of rather big cancellations between heating and cooling near
the gain radius whereas such cancellations are not so large in QN ; as a result QN is much greater
than QNd in the region where the deuteron-heating is efficient; (2) the Ye evolution is controlled by
the competition between the electron-type neutrinos and anti-neutrinos; according to the current
formula, QNd is given as QNd = QNd(νed) − QNd(ν¯ed) = 0.188 QNd(νed) and the cancellation is
much larger than for QN ; (3) the NC reactions contribute 12 and 33 % to Qd for Tνµ = 5 and 10
MeV, respectively, but none to QNd.
To summarize, the heating via light nuclei is non-negligible in the non-linear phase of SASI, in
which various values of (ρ, T ) are realized, whereas they are minor in the linear stage. Among light
nuclei, deuterons play important roles near the bottom of the gain region whereas alpha particles
are influential near the shock fronts when the shock wave is expanding and, as a consequence, the
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densities and temperatures become lower. The results are rather sensitive to the νµ spectrum. If
the temperature of νµ is as low as that of ν¯e, the heating of alpha particles will be substantially
diminished whereas the deuteron-heating is not so much reduced.
4. Summary and Discussions
We have investigated the influences of the inelastic interactions of neutrinos with light nuclei
on the dynamics in the post-bounce phase of core-collapse supernovae. We have done 2D numerical
simulations of SASI with the assumption of axial symmetry for some representative combinations of
the luminosity and mass accretion rate. We have not solved the dynamics of the central part of the
core and replaced it with the suitable boundary conditions and have started the simulations from
spherically symmetric steady state, adding some perturbations to the radial velocity. The neutrino
transport has been handled by the simple light-bulb approximation with the time-independent
Fermi-Dirac spectrum. In addition to the ordinary heating and cooling reactions with nucleons, we
have taken into account the heating reactions with four light nuclei for the first time. The abundance
of light nuclei is provided by the multi-nuclei EOS together with other thermodynamical quantities.
We have found that the evolutions of shock waves in 2D are influenced by the heating of
deuterons and alpha particles and that they have different roles. In the initial steady states, the
heating by light nuclei is the most efficient for the combination of high neutrino luminosity and
low mass accretion rate, since the shock radius is large and the matter near the shock front has the
low densities and temperatures that yield a large amount of alpha particles. On the other hand,
deuterons are populated near the bottom of the gain region, where matter has higher densities
and temperatures. They hence have some impacts on the shock radius regardless of neutrino
luminosities and mass accretion rates. From the results of 1D simulations, we have found that
the integrated heating rates of deuterons and alpha particles become high at different phases in
the oscillations of shock wave: the heating rate of deuterons becomes the highest when the shock
radius hits the minimum and the matter compression is the greatest. Whereas the heating via
deuterons is constantly effective, the heating of alpha particles becomes important only when the
shock wave has large radii and matter has low entropies. The dynamics in 2D is more sensitive to
the inclusion of the light-nuclei heating because SASI in the non-linear regime makes the gain region
more inhomogeneous and there appear the regions that have densities and temperatures favorable
for the existence of light nuclei. The heating rates of light nuclei reach about 10 % of those of
nucleons locally. As a consequence, the dynamics of shock revival is influenced by the heating via
light nuclei. In particular, the heating by deuterons brings non-negligible changes, which may be
positive or negative for shock revival, when the neutrino luminosity is close to the critical value.
The results are rather sensitive to the neutrino spectrum. In the case of Tνµ = 5 MeV instead
of Tνµ =10 MeV, the heating of alpha particles is reduced by ∼ 90 % whereas the heating via
deuterons are not so much affected, since the CC reactions with νe and ν¯e are more important for
the deuteron-heating.
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The numerical simulations in this paper are admittedly of experimental nature and the num-
bers we have obtained may be subject to change in more realistic simulations. We need more
systematic investigations, varying not only the neutrino luminosity and mass accretion rate but
also the neutrino temperature, mass of a central object and initial perturbation. The cooling reac-
tions of light nuclei such as d + e− → n + n + νe and n + p → d + ν + ν¯ should be incorporated
in the calculations, since deuterons are abundant in the cooling regions as shown in Figs. 2 and 9.
Recently, Nasu et al. (2013) demonstrated that the existence of deuteron reduces the neutrino
emissions by the electron- and positron captures, since the capture rate of deuterons is lower than
that of nucleons. They made a comparison of the total e±-capture rates between the models with
and without deuterons at 150 ms after core bounce, employing the compositions of light nuclei
calculated in Sumiyoshi et al. (2008). Figs. 1 and 2 in Nasu et al. (2013) indicate that this effect
becomes remarkable inside the neutrino sphere but the reduction factor goes down below a few
percent near the gain radius (r ∼ 90 km). Note that this effect is included in our models except for
the e±-captures on deuterons. Although the latter rates are not available for us at present, their
contributions to the cooling would be less than a few percent of the cooling rates of nucleons in
the gain region and the discussion in this article would not be changed significantly. Of course the
reactions will become important at the bottom of the cooling region. The neutrino transport should
be improved so that the neutrino emission from accreting matter could be properly treated. For
more realistic simulations the central part of the core should be also solved self-consistently. Last
but not least the difference between 2D and 3D should be made clear. These issues are currently
being tackled and will be reported elsewhere.
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Flavor n, p d t h α
νe (CC) 356.8 168.9 0.000 0.000 0.5925
ν¯e (CC) 557.5 169.1 8.015 0.000 1.896
νe (NC) 0.000 12.94 0.6656 0.7446 0.008347
ν¯e (NC) 0.000 16.83 1.801 1.975 0.4231
νµ (NC) 0.000 139.0 31.05 32.55 17.61
Table 1: The heating rates of nucleons, deuterons, tritons, helions and alpha particles in unit of
MeV/sec per baryon. Xp = 0.5 and Xn = 0.5 are assumed in the calculations for nucleons. The
mass fraction of each light nucleus is set to unity in the calculation for light nuclei; Xd,h,t,α = 1.
Other parameters are set at r = 100 km, Lνe,ν¯e = 5.0 × 10
52 erg s−1, Lνµ = 0.5 × Lνe,ν¯e , Tνe = 4
MeV, Tν¯e = 5 MeV and Tνµ = 10 MeV.
Fig. 1.— The left panel shows the shock radii in the initial steady states for L52 = 6.2 with the
light-nuclei heating (green solid line) and without it (green dashed line) and for L52 = 5.2 with the
light-nuclei heating (magenta long dashed line) and without it (magenta doted line). The center
and right panels show the variations of shock radii due to the heating reactions with all light nuclei
(black solid line), only deuterons (red dashed line) and only alpha particles (blue dot line).
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Fig. 2.— The mass fractions (upper) and heating rates per baryon (bottom) of Ai = 1: protons
and neutrons (black), Ai = 2: deuterons (red), Ai = 3: tritons and helions (green) and Ai = 4:
alpha particles (blue) for L52 = 5.2 with M˙sun = 1.5 (left panel) and L52 = 6.2 with M˙sun = 0.5
(right panel). Dashed lines indicate the cooling regions where the cooling reaction of nucleons is
dominant. Dotted lines are the results of the models with the Shen’s EOS for the same L52 and
M˙sun.
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Fig. 3.— The lines show the contours of mass fractions of deuteron Xd and alpha particle Xα
at Ye = 0.5 (red thin lines for Xd = 0.005, red dashed lines for Xd = 0.01, blue dashed lines for
Xα = 0.01 and blue solid lines for Xα = 0.1). The symbols mean the densities and temperatures
in the gain regions for L52 = 5.2 with M˙sun = 0.5 (cyan) and 1.5 (magenta) and L52 = 6.2 with
M˙sun = 0.5 (brown) and 1.5 (green).
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Fig. 4.— The entropy per baryon in the (t, r) plane for the 1D model with L52 = 5.4 and M˙sun =
1.0.
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Fig. 5.— The time evolutions of the average shock and gain radii and integrated heating rates of
different nuclear species. Black dashed and dotted lines denote the shock and gain radii, respec-
tively. Magenta, red, green and blue lines represent the heating rates of Ai = 1 (nucleons), Ai = 2
(deuterons), Ai = 3 (tritons and helions) and Ai = 4 (alpha particles), respectively.
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Fig. 6.— The time evolutions of the average shock radii for the models with the heating of all
light nuclei (cyan solid lines), only deuterons (red solid lines), only alpha particles (blue solid lines)
and no light nuclei (black solid lines) as well as the models with the Shen’s EOS and the heating
of alpha particles (magenta dashed lines). The combinations of the luminosity and mass accretion
rate are L52 = 5.1 and 5.2 with M˙sun = 1.0 and L52 = 6.0 and 6.3 with M˙sun = 1.5.
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Fig. 7.— The mass fractions of nucleons, Xn + Xp (left halves of left panels), those of all light
nuclei, Xd +Xt +Xh +Xα (right halves of left panels), the heating and cooling rates per baryon
in the unit of MeV/sec of nucleons, QE ×mu/ρ (left halves of right panels), and those of all light
nuclei, (Qd +Qt+Qh +Qα)×mu/ρ (right halves of right panels). The times are t = 100, 200 and
300 ms and the luminosity and accretion rate are L52 = 5.2 and M˙sun = 1.0.
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Fig. 8.— The lines are the same as in Fig. 3. The symbols show the densities and temperatures
in the gain regions at t = 200 ms (upper panel) and 300 ms (lower panel) for the radial rays with
θ = 0◦ (cyan), 45◦ (magenta), 90◦ (green), 135◦ (brown) and 180◦ (orange). The black symbols
correspond to the initial spherically symmetric state.
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Fig. 9.— The mass fractions (upper panels) and heating rates per baryon (lower panels) along the
radial rays with θ = 180◦ at t = 200 ms (left panels) and with θ = 0◦ at t = 300 ms (right panels).
The notations of various lines are the same as in Fig. 2.
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Fig. 10.— The time evolutions of the shock and gain radii and integrated heating rates on the
radial rays with θ = 0◦ (upper panel) and θ = 90◦ (lower panel). The notations of various lines are
the same as in Fig. 5.
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Fig. 11.— The time evolutions of the average shock radii for the models with the heating of all
light nucleus (cyan line), only deuterons (red line), only alpha particles (blue line) and no light
nuclei (black line). The temperature of νµ is Tνµ = 5 MeV and the luminosity and mass accretion
rate are L52 = 5.2 and M˙sun=1.0, respectively.
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Fig. 12.— The mass fractions (left panel) and heating rates per baryon (right panel) along the
radial ray with θ = 180◦ at t = 200 ms for Tνµ = 5 MeV (thick lines) and 10 MeV (thin lines). The
thin lines are just the same as those in the left panels of Fig 9 and the notations of lines are also
identical to those in Fig. 9.
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Fig. 13.— The electron fractions (black dotted line) and the absolute values of QN (magenta lines),
QNd (red solid lines) and QNt (green solid lines) at t = 0 and 200 ms along the radial ray with
θ = 180◦. See the text for the definitions of QN , QNd and QNd. The electron fractions obtained
with QNd = QNt = 0 are also shown by the cyan solid lines.
